Sudden unexpected death in epilepsy (SUDEP) occurs when postmortem examination fails to determine the cause of death in a patient with epilepsy, and SUDEP is the leading cause of death in patients with uncontrolled epilepsy. Therefore, the diagnosis is one of exclusion and does not have a clear pathophysiology. It accounts for approximately 15-20% of deaths associated with epilepsy. A number of different pathological mechanisms are suspected to contribute to SUDEP, including dysregulation in cardiac, respiratory, circulatory, hormonal, and metabolic function (1). Animal models and clinical data are increasingly identifying possible biomarkers that link epilepsy, cardiac arrhythmias, and SUDEP (2). Seizures appear to cause lethal cardiac arrhythmias through autonomic dysregulation, and cardiac arrhythmias can induce seizures because they can cause cerebral hypoxia (3, 4), and long-term, uncontrolled seizures may eventually lead to cellular and structural remodeling of the heart that affects cardiac excitability. These changes can cause abnormalities of cardiac repolarization and heart rate variability, which are detectable intra-, peri-, and interictally.
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Biomarkers for increased risk of SUDEP are now being recognized, and many of these are associated with ion channel genes expressed in the brain, heart, or both. Now, Powell and colleagues provide evidence that development of acquired epilepsy can lead to changes in intrinsic electrical properties and ion channel gene expression in the heart. Utilizing the Genetic Absence Epilepsy Rats from Strasbourg (GAERS) and kainic acid-induced status epilepticus (SE) rat models, the authors show both models of epilepsy produced significant, pro-arrhythmic changes in the electrocardiographic (ECG) properties in vivo and in the isolated heart (i.e., in the absence of neuronal or hormonal influences). Subsequent to development of spontaneous seizures, both the genetic and induced epilepsy models had increases in heart rate variability and the heart rate-corrected QT (QTc) interval, a measure of ventricular depolarization and repolarization, which manifests clinically as "long QT syndrome. " People with long QT syndrome are at increased risk for a type of polymorphic ventricular tachycardia (torsade de pointes) that leads to sudden death (5) . Similarities OBJECTIVE: Evidence from animal and human studies indicates that epilepsy can affect cardiac function, although the molecular basis of this remains poorly understood. Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels generate pacemaker activity and modulate cellular excitability in the brain and heart, with altered expression and function associated with epilepsy and cardiomyopathies. Whether HCN expression is altered in the heart in association with epilepsy has not been investigated previously. We studied cardiac electrophysiologic properties and HCN channel subunit expression in rat models of genetic generalized epilepsy (Genetic Absence Epilepsy Rats from Strasbourg, GAERS) and acquired temporal lobe epilepsy (post-status epilepticus SE). We hypothesized that the development of epilepsy is associated with altered cardiac electrophysiologic function and altered cardiac HCN channel expression. METHODS: Electrocardiography studies were recorded in vivo in rats and in vitro in isolated hearts. Cardiac HCN channel messenger RNA (mRNA) and protein expression were measured using quantitative PCR and Western blotting respectively. RESULTS: Cardiac electrophysiology was significantly altered in adult GAERS, with slower heart rate, shorter QRS duration, longer QTc interval, and greater standard deviation of RR intervals compared to control rats. In the post-SE model, we observed similar interictal changes in several of these parameters, and we also observed consistent and striking bradycardia associated with the onset of ictal activity. Molecular analysis demonstrated significant reductions in cardiac HCN2 mRNA and protein expression in both models, providing a molecular correlate of these electrophysiologic abnormalities. SIGNIFICANCE: These results demonstrate that ion channelopathies and cardiac dysfunction can develop as a secondary consequence of chronic epilepsy, which may have relevance for the pathophysiology of cardiac dysfunction in patients with epilepsy.
HCN Channelopathy and Cardiac Electrophysiologic Dysfunction in Genetic and Acquired Rat Epilepsy Models.

The Long and the Short of It: Seizures Induce Cardiac Remodeling and Arrhythmia
in the two epileptic models were also reflected in the normalization of the heart rate variability in the isolated hearts after treatment with the β-adrenergic receptor agonist isoprenaline (isoproterenol). Additionally, simultaneous electroencephalographic (EEG) and ECG measurements indicated dramatic bradycardia and increased heart rate variability during the ictal period in SE rats, further implicating development of proarrhythmic, epilepsy-induced cardiac electrical remodeling in these models, which could lead to SUDEP.
To identify possible molecular mechanisms underlying the changes in cardiac electrophysiology, the authors tested whether the epileptic models altered the levels of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels in the heart. Cardiac HCN channels mediate inward currents, known as I f , which contribute to pacemaking activity in the sinoatrial node. HCN channels are therefore positioned to mediate cardiac repolarization rate and rhythm changes observed in the epileptic rats. Notably, neuronal HCN channels mediate I h , which underlies the bursting behavior of some neurons, and whose function in the brain may be altered in some types of epilepsy (6) . Powell and colleagues identified reduced cardiac HCN channel expression in association with development of cardiac arrhythmia in both epilepsy models. Interestingly, transgenic HCN2 knock-out mice paralleled many of the phenotypes seen in the epileptic rats. Both the HCN channel expression changes and correlated cardiac arrhythmia appeared subsequent to development of spontaneous seizures in both models, consistent with the hypothesis that seizures induced changes in cardiac electrophysiology that could lead to SUDEP.
Many factors have been hypothesized to increase the likelihood of SUDEP, but altered cardiorespiratory autonomic regulation is featured prominently as a potential underlying mechanism to explain this frightening outcome. Further, the concept that centrally mediated changes in autonomic function contribute mechanistically to cardiac arrhythmia parallels other disorders, such as sudden infant death syndrome (SIDS). Seizures are known to activate central autonomic pathways that can drive cardiac and respiratory output and influence cardiac rhythms ictally, and interictal changes in autonomic function are also associated with chronic seizure disorders. Some animal models that express sodium or potassium channel mutations have epilepsy and are susceptible to SUDEP. But separating effects of a channel mutation on seizures and cardiac function is difficult because the mutation might underlie both epilepsy development and cardiorespiratory failure leading to SUDEP. Increased SUDEP risk in acquired epilepsies is significant and correlations between endogenous channelopathies and SUDEP in these forms of epilepsy are not as clear.
Now that Powell and colleagues have provided evidence that development of epilepsy in both genetic and acquired animal models can lead to similar cardiac electrophysiological dysfunction and changes in ion channel expression, several issues remain to be addressed. For example, cardiac electrophysiological properties differ between species, including heart rate and the ion channels that contribute to the QTc interval. Furthermore, the physiological role of I f in the mammalian ventricle is unclear (7) , and increased ventricular HCN channel activity is thought to contribute to a prolongation of ventricular depolarization and repolarization (8) . Regardless, the authors provide strong proof-of-principle evidence that different models of epilepsy lead to similar intrinsic changes in cardiac electrical properties and ion channel expression. Whether or not analogous changes occur in humans with epilepsy, and how these changes might contribute to the risk of SUDEP, warrants further investigation.
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